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INTRODUCTION 
Anaerobic digestion is a method of sludge stabilization 
corrrnonly used by municipalities on wastewater sludges . The process 
takes place in a-sealed vessel in the absence of free molecular oxy�en 
and biologically converts a portion of .the organic material to 
primarily methane and carbon dioxide gas. The methane, which is the 
major component of natural gas, may be used as a source of energy for 
the treatment plant. 
The wastewater treatment facility utilized in this study was 
located in Sioux Falls, South Dakota . This facility.uses the methane 
produced in the anaerobic sludge digestion process to heat the 
digesters as well as to power generators to provide supplemental 
electrical power to the treatment plant . Any excess gas produced is 
compressed and stored on site in a gas sphere for later use. 
This study will investigate the possibility of adding whey and 
initial - vat wash down water directly to the anaerobic digesters to 
produce additional gas while reducing the organic loading to the 
treatment plant. Whey, which is a by-product from cheese making, is 
produced in large quantities along with the cheese . The whey is a 
green-yellow liquid, approximately 90 percent water,. and has a high 
organic content . Currently Land-O-Lakes Dairy in Sioux Falls is 
discharging the whey it produces directly to the City's sanitary sewer 
system. The whey �dds an additional pollutional load to the wastewater 
treatment plant and thus results in an increased solids production in 
the secondary and tertiary portions of the treatment process. 
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The City of Sioux Falls bases its sewer use Charge for its 
industrial users on the organic loading and wastewater flow. 
Discharging of the whey and initial wash water to the sanitary sewer 
system imparts- a relatively high sewer use charge on the dairy. 
Addition of the whey and initial wash water.directly to the anaerobic 
digesters was investigated due to the possibility of a number of 
benefits: 1 )  the organic loading to the aerobic portion of the 
wastewater treatment plant would be reduced thus lowering the oxygen 
requirement and the associated power costs, 2 )  a reduction in the 
amount of biological sludge generated, 3) production of additional 
methane which may be used as a source of energy for the treatment 
facility and 4 )  reduction of the sewer use charges imparted on 
Land-O-Lakes. 
Because of lack of available information on anaerobic 
codigestion of whey and municipal sewage sludge a research project was 
conducted to determine the treatability and the effect that the 
addition of whey would have on the operation of the anaerobic 
digestion process. 
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LITERATURE REVIEW 
Theory of Anaerobic Digestion 
The anaerobic digestion process converts organic matter to 
methane and carbon dioxide through biological decomposition by a 
variety of different bacteria. The process is useful for the 
destruction of suspended solids, as with the digestion of sewage 
sludge, and it is also well suited to the treatment of high strength 
soluble wastes [1 ] . 
Anaerobic digestion is generally considered to be a two step 
process. Attempts to isolate these steps have not been successful, 
possibly indicating that some type of symbiotic relationship exists 
between the two [12 ] . For the purpose of this discussion, it will be 
assumed that they are indeed separate and distinct stages. The 
microorganisms responsib_le for the decomposition are commonly divided 
into two distinct groups, the "acid formers" and the "methane 
formers". 
The first stage is a waste conversion stage in which complex 
organics are hydrolyzed, fermented, and biologically converted to 
simple · organic materials. This conversion is carried out by a wide 
variety of facultative and strict anaerobic bacteria which are 
commonly referred to as the "acid formers". These non-methanogenic 
microorganisms convert the complex organic compounds to simple organic 
acids, primarily acetic and propionic acids. These bacteria include; 
Clostridium spp., Peptococcus Anaerobus, _ Bifidobacteriurn spp ., 
Desulphovibrio spp ., Coryn�acteriurn spp ., Lactobacillus, Actinomyces, 
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Staphylococcus, and Escherichia Coli [ 2 ] .  There are also other 
physiological groups present including those that produce proteolytic, 
lipolytic, ureolytic, or cellulytic enzymes [2] . In this first stage 
small amounts _of energy are used for growth and a small portion of the 
organic material is transformed to cell gr<;:>wth. While no actual waste 
stabilization occurs in the first stage, it is an essential portion of 
the anaerobic digestion process that must occur before the second 
stage can proceed . 
The second stage is the waste stabilization stage in which the 
organic acids formed in the first stage are converted to methane and 
carbon dioxide . This conversion is carried out by a group of strict 
anaerobes, called methanogenic bacteria, which are corrrrnonly referred 
to as the "methane formers". The "methane formers" include such 
microorganisms as the rods; �thanobacterium and M=thanobacillus, and 
the spheres; :M=thanococcus and Methanosarcina (2 ] . The complete 
conversion of the complex materials to methane and carbon dioxide 
requires the interaction of several various ·groups of methane fo:rmers, 
each of which is able to convert only a limited number of organic 
compounds . These different groups of methane formers grow at different 
rates. The rnethanogenic bacteria that convert methanol and fo:rmic acid 
grow very rapidly and they can thrive at a sludge retention time of 
less than two days [ 1 ]  . The methanogenic bacteria that ferment the 
acetic and propionic acids grow at a much slower rate and require a 
sludge retention time of at least four days . 
"' 
Since the acetic and 
propionic acids are the major portion of the organic acids utilized in 
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anaerobic digestion they are of the most importance and therefore the 
growth rate of the methanogenic bacteria that utilize these materials 
are usually the limiting factor, and thus determine the required 
retention time in the anaerobic digestion process .  A schematic diagram 
of the anaerobic process is shown in Figure 1 [1 ] . 
Factors Influencing Anaerobic Digestion 
There are a number of factors that influence the successful 
operation of an anaerobic digestion system . These factors include 
such things as ; temperature, pH, alkalinity, volatile acids 
concentration, gas production and quality, and volatile solids 
dest.ruction . These parameters can be monitored by laboratory testing 
to determine the state of the anaerobic digestion process . 
Temperature 
Anaerobic digestion is affected significantly by temperature 
since as the temperature is increased the rate of the reaction of the 
organisms increases, thus increasing the rate at which the 
microorganisms stabilize the organic material . This reaction rate 
approximately doubles for each increase of 1 0  degrees Celsius until a 
limiting temperature is -reached . Numerous studies have been conducted 
on the operation of anaerobic digesters at various temperatures ,_ 
resulting in two optimum temperature ranges associated with the 
mesophillic (20-45 degrees C) and the thermophillic (45-75 degrees C) 
microorganisms .  The most efficient operating temperatures within these 
ranges are from 35-37 degrees C for the mesop�llic and approximately 
��©@�][Q) ®Ire\®� 
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55 degrees C for the theonophillic. An anaerobic digestion system is 
sensitive to fluctuations in temperature however if the system is 
operating at steady-state conditions minor fluctuations in temperature 
( 1 -3 degrees C) will not seriously affect its operation [3 ] .  
pH 
:Maintaining the proper pH in the digester is one of the most 
important environmental requirements for anaerobic digestion. The pH 
is a measure of the hydrogen ion concentration, and it is a function 
of the alkalinity, volatile acids concentration, and carbon dioxide 
content in the gas produced [ 3 ].  The pH is negative logarithm of the 
molar concentration of hydrogen ions [ 13 ] . Therefore, an increase in 
the hydrogen ion concentration leads to a reduction in the pH. pH 
values above 7 are considered to be basic (or alkaline), and values 
less than 7 are acidic. The anaerobic treatment process will ope�ate 
quite well within a pH range of 6 .  6 to 7 .  6, with an optimum of 7 .  0 to 
7 . 2 [ 4 ]. Problems associated with a low pH are more common than with a 
high pH in the anaerobic digestion process. This is usually caused by 
the buildup of volatile acid intermediates without sufficient 
buffering capacity provided by the alkalinity of the system. The 
depressed pH is usually caused by organically overloading the system 
or inhibition of the methanogenic bacteria [ 3 ]. 
Volatile Acids 
:Monitoring of the volatile acids concentration is very useful 
in early deteonination of changes in digester performance. The 
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volatile acids are formed as intermediate compounds during the 
anaerobic treatment process and these are then converted to methane 
and carbon dioxide by the methanogenic bacteria. If these "methane 
formers" becpme affected by any adverse conditions their rate of 
utilization will decrease and thus there wi�l be· a buildup of volatile 
acids . The increased acids concentration is not the cause of digester 
unbalance, but is only an indicator that some other factor is 
affecting the methanogenic bacteria. An increasing volatile acids 
concentration is usually one of the first indicators of any adverse 
conditions long before any changes in the other parameters can be 
detected . A high volatile acids concentration will eventually cause a 
drop in the pH of the digester. However, since the pH is a · log· 
relationship, by the time this change is detected the digester has 
already been seriously affected and the conditions of a "stuck" 
digester are near (4 ] . 
Alkalinity 
The alkalinity is a measure of the buffering capacity, or 
ability to resist changes in the pH. The alkalinity present in the 
anaerobic digesters is derived from two sources; 1 )  that present in 
the incoming sludge, and 2) that produced in the digestion process. 
The alkalinity produced in the digestion process is in the fo:rm of 
such things as bicarbonates, carbonate, and ammonia, which are 
produced by the decorrposition bacteria [5] . Under normal operating 
conditions the majority of the alkalinity is due to the carbon dioxide 
- bicarbonate system, with the ammonium ion as the major cation [13] . 
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High protein wastes have higher associated alkalinities due to the 
production of ammonia from the proteins [ 13 ] . The amount of alkalinity 
produced in the anaerobic digestion process is usually sufficient to 
buffer the acid produced by the "acid formers", thus keeping the pH 
relatively constant [ 5 ]  . It has been demons�rated that an increase in 
alkalinity in an anaerobic digester can increase the operating level 
of the volatile acids to a level higher than that considered to be a 
maximum [ 6 ] . 
According to MCCarty the limits on bicarbonate alkalinity for 
normal anaerobic digestion are between 1000 and 5000 mg/1·, with a 
range of 2500 to 5000 being more desirable. The higher range allows 
for an increased buffering capacity and thus a factor of safety 
against an increase in the acids concentration [ 4 ] . At concentrations 
greater than 5000 mg/1 the resulting pH may become too high to allow 
for proper anaerobic digestion. 
Gas Production and Quality 
Gas production is also considered to � an indicator of 
digester stability, with respect to both the quantity and quality of 
the gas produced. Normally the gas produced should have a carbon 
dioxide content of approximately 35 -4 9 %  or less and a methane content 
of 65 -7 0 %  [ 6 ]. The actual composition of the gas is related directly 
to the alkalinity and pH of the system. As alkalinity is reduced, the 
bicarbonate is reduced to water, hydrogen ions, and carbon dioxide, 
� 
thus resulting in a lower pH and an increase in carbon dioxide [ 1 3 ]  . 
The presence of oxygen and or nitrogen in the system is usually 
attributed to a leak in the reactor or poor s ampling te clmi que [ 6] . 
Characteristics of Sludge 
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Sludge produced fro m wastewater trea tment originates from 
se veral sources , such as pri mary s edimentation, trickling fil ter humus 
and the activated sludge process .  These sluqges , with the e xception of 
the sludge . returned to the aeration basins in the activated sludge 
process ,  ITU.lst be dis posed of in some manner . Usually these sludges are 
stabili zed prior to disposal , most co mmonly by anaerobic digestio n. 
It is irrportant to know the characteristics of the sludges to 
determine the treatability of the sludge and the effect it will have 
on the trea tment dis posal process . The t ype s  of sludges of irrportance 
to this study include; pr imary, a ctivated, and anaerobically digested 
sludge s ,  and trickling filter humus .  T ypical characteristics o f  these 
sludge s are surnnari zed in Appendi x A, Table A-1 ,  and the typical 
chemical composition of untreated pr imary sludge and digested sludge 
are summari zed in Table A-2 .  This data can be useful in determining 
the -ult imate dis posal of the processed sludge and the liquid removed 
in the proce s sing. 
The pH, alkalinity, and organic acid content are i rrportant 
parameters in the operation o f  anaerobic digesters , and parameters 
su ch a s  nitrogen, pho spho rus, and potash content are valuable in 
dete rmining the fertili zer value of the sludge [ 2 ]  . T ypical data on 
the physical characteristics of sludge and the e xpected sludge 
concentration s from various treatment proce sses that are of interest 
to this study are included in Tables _A-3 and A-4 re spectively in 
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Appendi x A. 
Characteristics of Whe y 
Whe y is a green -yellow liquid b y-product from cheese 
production . Fro m each po tmd of cheese produced a resulting 5 to 10 
potmds of whe y is also produced . This resu l.ts in an ap pro ximate whey 
production of 37 billion potmds per year in the United States alone 
[ 7 ]. The United States is not alone in the production of whey , T able 1 
shows whe y production aro tmd the world . 
T ABlE 1 
WORlD WHEY PRODUCTI ON [ 8 ]  
Co tmtry 
U. S .A. * 
France 
Russia 
German y 
Ital y 
New Zealand 
Argentine 
Australia 
United Kingdo m · 
Cana da 
Denmark 
Quantit y 
(tons/ year) 
8 , 1 0 0 , 000 
6, 900 , 000 
4, 1 0 0 , 000 
3, 7 0 0 , 000 
3, 150 , 000 
2 , 250 , 000 
2 , 0 0 0 , 000  
1 , 600 , 000 
1 , 100 , 000  
1 , 000 , 000 
910 , 000 
* Fro m  cheese pr oduction onl y. 
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Whey has a high content of lactose and protein , which makes 
product recovery an attractive means of dealing with the large 
quantities of whey produced . Some of the products current ly being 
produced fro m whey include; protein conce ntrates , yeast , lactose , 
lactic acid, human fo od additives , and ani mal feed suppl ements [7 , 8 ] . 
Utilization of whe y appears to be a wise way of turning a 
waste into a resource . However, many of the cheese producers are too 
s mall or too remote fro m an adequate market for these whey products to 
make this method econo mically feasible . For these producers whey is 
nothing more than a very strong organic liquid waste that must be 
dealt with in the most econo mical manner [ 8 ] . Typical composition of 
whey and the chara cteristics that affect biological treatment are 
s ummarized in Tables 2 and 3 respectivel y. 
Anaerobic Digestion of Whey 
When it is not feasible or desired to utilize the whey it must 
be treated i n  some manner to reduce its pollution pote ntial before it 
is released to the environment . The treatment can be carried out by 
the pr oducer, the municipality or by joint treatment with the dairy 
partially treat ing the waste before disc harging to the municipal 
treatment system. 
TABLE 2 
T YPICAL C ONCENTRATI ONS OF 
CHEES E  WHEY [ 8] 
Co mponent 
Water 
Fat 
Protein 
Ash 
Lactose 
Lactic Acid 
T ABLE 3 
Conce ntratio n 
( %  by wt . )  
9 3. 2 
0 . 3  
0 . 9  
0 .5 
4.9 
0 . 2 
T YPI CAL  CHARACT ERISTICS OF WHEY 
AFFECTING BI OLOGI CAL TREATMENT [ 8] 
Co rrponent 
La ctose 
Protein 
Phosphorous 
Nitrogen 
BOD 
C OD 
Conce ntration 
(mg/1) 
50 , 000  
9, 000  
150 
1 , 500 
32 , 0 00 
5 6 , 000  
1 3  
14" 
Due to the composition of whey and its soluble nature, it may 
be treated quite readily by biological means. Anaerobic biological 
treatment methods have many advantages over aerobic treatment methods. 
Some of these advantages include: 1) a higher degree of actual waste 
stabilization (in the aerobic treatment process a large portion of the 
organic waste is converted into the production of new cells, thus not 
actually stabilizing the waste but simply changing form whereas in the 
anaerobic treatment process the organic waste is converted primarily 
to methane and carbon dioxide, with very little energy expended for 
the production of new microorganisms; actual waste stabilization in 
the anaerobic treatment process can be as high as 80 to 90 percent of 
the degradable organics versus only about 50 percent with conventional 
aerobic treatment processes); 2 )  a lower microbial yield, resulting in 
lower sludge production; 3 )  a lower nutrient requirement; 4) oxygen is 
not required; and 5) methane is produced in the process . These 
advantages are even more pronounced when dealing with whey since the 
organic content is very high and it is often nutrient . deficient 
[1,-.7, 9 ] . The methane produced in anaerobic digestion can be used as a 
source of energy for heating, nmning motors, electrical power 
generation, etc. 
Studies on anaerobic treatment of whey have been conducted by 
Ericsson [ 10] , Switzenbaum [7] , and Boening [ 9] ,  and in addition a two 
stage system using anaerobic treatment followed by aerobic treatment 
has been studied .bY Sewards and Holder [ 8] .  
Of these previously mentioned studies only the work done by 
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Ericsson, in Sweden, invol ved codigestion of whey with muni cipal 
sewage sludge in anaerobic diges ters .  Ericsson's studies utili ze d  two 
laboratory scale digesters operated in paral lel , ea ch with a vol ume of 
10 liters . The use of two reactors operated in para llel all owe d for 
one of the units to serve as the control . The te mperature was hel d  at 
30 de grees C by placing the reactors in a water bath . Mi xin g was 
accomplished by using a recirculation pump which operate d at 
appro ximately 2 liters /min . ,  for 12 min . /hour . Measurement o f  gas 
production was done by displacing water from a gas colle ction bottle . 
The amount of water displace d corresponded to the amount o f  gas 
produced . 
The data presented b y  Ericsson was not conclusi ve .  He 
indicated that the process was operated with success , howe ver there 
were upsets in the digestion process that were not clearly resol ve d. 
Ericsson indicated that at a certain ratio of whey to acti vated s lu dge 
the ana erobic digestion proces s  was upset . This digester upset was 
enco untered when the hydraulic retention t ime  was decre ase d  t o a 
re lati vel y  short 13 . 3  da ys ,  and this may ha ve been a contributing 
fa ctor in the process failure . The re port did not report any 
significant changes in the anaerobic di gestion process other than an 
increase in the carbon dio xide content as the ratio of whey to s·ludge 
was increased . Ericsson indicated that full scale trial operation at a 
plant in Vetl anda, Sweden has gi ven s imilar results as those obtained 
in the labo ratory. He indicat ed that additional testing should be done 
to further invest tgate this process , and to dete rmine the effe cts of 
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different types of sludges (i.e. primary sludge) . 
Switzenbaum and Danskin [ 7 ]  and Boening and Larsen [9] have 
studied the anaerobic fluidized bed process for the treatment of whey. 
This process is sometimes referred to as anaerobic attached-film 
expanded-bed process (AAFEB). This process-utilizes a column filled 
with an inert sand-sized material which expands when the waste flows 
upward through the column, fluidizing the bed. The particles provide a 
very large surface area for the microbial film to attach within a very 
small volume, thus allowing for a hydraulic detention time of hours 
versus days as with some of the other treatment alternatives. This 
type of bioreactor allows for a high degree of contact between the 
biomass and the substrate, and is capable of treating high strength 
soluble wastes. The advantages with this type of anaerobic treatment 
system are the same as previously discussed in the anaerobic digestion 
section, however this process does not seem to be as susceptible to 
upsets due to temperature and loading rates. The AAFEB process has 
potential applications in the dairy industry for pretreating whey 
prior to discharge to a municipal sanitary sewer system, or for 
treatment by some other means . It would allow for the dairy to 
pretreat the waste at a relatively low.cost in comparison to other 
treatment processes with a reduced chance of process upset over other 
anaerobic processes. This AAFEB process would also allow the dairy to 
utilize the methane generated as an additional source of energy. 
Switzenbaum reported that the New York State Energy Research and 
Development Authority has conducted a survey in which it was shown 
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that a significant portion (up to 46%) of the energy needs (in natural 
gas and oil) at cheese production plants in New York State could be 
recovered by the methane generated from the treatment of the whey 
produced as a by-product of the cheese production process. 
Both studies afor�mentioned have had-good success in treatment 
of whey with the AAFEB process. Soluble COD removal efficiencies in 
excess of 90 percent could be achieved through a proper balance of 
organic loading and hydraulic retention time. The removal efficiencies 
increased with an increase in temperature, while an 
temperature of approximately 35 degrees C appeared to be 
operating 
optimum. 
Boening reported that at a nominal influent COD concentration of 3 0 0 0  
mg/1, at 3 5  degrees C, and a hydraulic retention time of 0. 4 days (9. 6 
hours), 
achieved. 
removal efficiencies of approximately 95 percent were 
As would be expected, the removal efficiencies decreased at 
higher organic loading rates, at shorter hydraulic times, and at lower 
operating- temperatures. Boening also indicated that · although the 
removal efficiency was decreased at the higher organic loading rates 
the removal rate per mass of microorganisms increased. 
The study conducted by Sewards and Holder involved a two-stage 
process which consisted of an anaerobic digestion process followed by 
aerobic treatment. The anaerobic process was used to reduce the 
organic loading to the aerobic portion and thus reducing the size of 
the treatment units required and-also reducing the amount of solids 
produced in the aerobic. portion. The treatment scheme also allowed for 
utilization of the methane produced as an energy source. The report 
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was primarily involved with the kinetic studies of the aerobic stage, 
and did not discuss the details of the anaerobic treatment process. 
Due to limited information and the differences between the 
aforementioned studies and the proposed codigestion treatment process 
at the Sioux Falls Wastewater Treatment - Plant, this study was 
undertaken to determine the feasibility of this treatment scheme. 
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METHODS AND MATERIALS 
Pilot Plant Desi gn 
In this study four identical reactors were used. The reacto rs 
were constructed from 4-inch diameter plexiglass col umns 12.5 inches 
high with 0 . 5-inch plexiglass base and top . These plexiglass 
components were welded together us ing methylene chloride to pro vide a 
secure gas-tight bond. 
A 3 . 5-inch o pening was pro vided in the top of each reactor to 
allow access for filling, cleaning, etc . The o penings were sealed 
using e xpandable sewer plugs . Three taps were pro vided in ea ch reactor 
for fe eding, gas measur ement and removal and for sludge withdrawal . 
The threads on these fittings were sealed with teflon tape and 
silicone caulking to insure a gas-tight seal . These featu res are s hown 
in Figure 2 .  
To keep the digesters mixed, a four unit ,  var iable-s peed 
magnetic stirrer was const ructed . This t ype  of mixing was chosen t o  
el iminate the possibility o f  leaks associated with gas mixing or other 
t ypes of me chanical mixing . The magnetic stirrers are shown in Figure 
3 ,  with the front of the mixing unit removed. 
U-t ube mercury manometers were provided to dete rmine t he gas 
pressure in the digesters . By knowing the change in pressure t he gas 
. production could be calculated ( see s ample calculation �  in . Appendix 
B) . In the gas line connecting the manometers to the digesters a tee 
was provided with a sept um to allow for gas s ampling . These features 
can also be seen in Figures 2 & 3 .  
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The pilot plant was constructed in such a manner to allow the 
entire unit to fit into an incubator, thus allowing for precise 
temperature control. 
Experimental Procedures 
The whey and the initial wash down water used in this study 
were obtained from Land-O-Lakes Dairy in S ioux Falls, S outh Dakota. To 
insure that an adequate amount of whey and first wash would be 
available and uniform throughout the study, 1 0  gallons of each were 
obtained. These were transferred to 500 ml Whirl-Pack sample bags and 
frozen for future use. 
The sludge used was obtained from the Sioux Falls Water 
Reclamation Department gravity thickeners. The thickened sludge was 
comprised of primary and waste activated sludge during the study 
period. The sludge was collected in one gallon quantities as required. 
The digested sludge used to seed the pilot reactors was also 
obtained from the S ioux Falls plant. The sample hose was kept 
submerged in the sludge during collection in an attempt to minimize 
the exposure to the air. A vacuum was drawn on the reactors to remove 
the air prior to filling with sludge. The air the sludge was drawn 
into the reactors utilizing the vacuum, through a hose connected to 
the effluent valve. After filling, the remaining .vacuum in the 
reactors was relieved by adding helium. Helium, being an inert gas, 
would not interfere with the digester operation or the tests to be 
conducted. 
Land-o-Lakes had estimated that the waste they would be 
generating would be corrprised of equal quantities of whey and 
wash, and this assumption was used throughout the study. The 
substrate used in the feed was therefore mixed in a 1: 1 ratio of 
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first 
whey 
whey 
to first wash. The whey substrate was mixed in one liter quantities, 
combining 500 ml of whey with 500 ml of first wash. The substrate was 
subjected to an ultrasonic dismembrator to break up any curds present 
and to make· the substrate as unifo:rm as possible. The whey substrate 
and thickener sludge was stored at 4 degrees C until needed. 
The loading of the pilot digesters was based on the total 
volatile solids (TVS) concentration. Total volatile solids were used 
because the whey substrate is colloidal in nature and therefore 
suspended solids would not be an accurate measure of the available 
organic material. The digesters were all fed the same concentration of 
volatile suspended solids with different percentages being supplied by 
the whey substrate. The first digester served as the control, with the 
feed being supplied from the thickened sludge only. The second, third, 
and fourth had 10, 25, and 50 percent of the total volatile solids 
being supplied by the whey substrate respectively. 
The digesters were operated at a hydraulic retention time of 
20 days. This value is within common operating ranges, and was chosen 
to simulate the operating conditions of the S ioux Falls Treatment 
Plant. The pilot reactor volume was 1.5 liters, which with a hydraulic 
retention time of 20 days, resulted in a daily feed volume of 75 ml 
per reactor. The feed substrates we�e corrprised of the appropriate 
volumes of whey substrate and thickened sludge to provide the desired 
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percentages · of each corrponent of the total volatile loading as 
previously discussed. Tap water was added to dilute the feed so that 
75 ml of the feed substrate would provide both the desired 'IVS and 
hydraulic loadings. A listing of the feed mixture volumes for the 
reactors is presented in Appendix D. These feed substrates were mixed 
and warmed to the reactor temperature of 37 degrees C prior to 
feeding. A syringe was used to inject the feed into the reactors . By 
drawing digester gas back into the syringe and reinjecting into the 
reactor the syringe and feed line were completely cleared and the 
entire feed volume was delivered to the reactor. The feeding procedure 
was as follows: 
1. :tvEasure and record manometer differential. 
2 .  Remove 75 rnl of digested sludge. 
3. Release gas to the fume hood. 
4. Inject the feed substrate, completely 
clearing the syringe and feed line. 
5. Release gas again. 
6 .  Repeat for all digesters. 
During the start up period of the pilot digesters the loading 
was gradually increased from 0. 05 lb 'IVS/day/cu. ft. to the desired 
loading of 0. 1 lb TVS/ day I cu. ft. . This loading was also chosen to 
simulate expected conditions at the Sioux Falls Plant, and was within 
the common operating range for successful anaerobic digestion. During 
the acclimation period it was important to watch for signs of 
unbalance and allow an adequate amount of time for the digesters to 
adjust to the new conditions . 
Laboratory Test Procedures 
Total solids 
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The total and total volatile solids concentrations were 
determined according to the procedure prescribed in Standard Methods 
for the Examination of Water and Wastewater [ 11] . Due to the nature of 
the sludges the drying time for total solids was extended to overnight 
at 103 degrees C .  
Chemical Oxygen Demand (COD) 
The COD determinations were conducted utilizing a Hach COD 
reactor, Model 16500 . This method is a semi -micro adaptation of the 
Standard :Methods dichromate reflux method [11] . With the Hach unit a 2 
ml sample size is used rather than a 2 0 ml sample , allowing digestion 
in a screw cap test tube instead of Erlenmeyer flasks and condensers . 
The sampl-es and a blank were digested at 150 degrees C in a dry 
bath-heater, the COD reactor . The digestion reagents ;  sulfuric acid, 
potassium dichromate silver sulfate catalyst, and mercuric sul fate 
(chloride inhibitor) remain the same as with the Standard M=thods 
procedure except that the quantities are reduced. To minlmize the 
possibility of errors in the results due to the smaller volumes , 
duplicate samples were analyzed. I f  significant discrepancies between 
the duplicate samples were encountered (greater than 10 percent ) the 
entire procedure was repeated . In addition, 
analyzed to check accuracy of the results, 
a standard was also 
and if the recovery 
2 6  
(theoretical -vs- actual ) was not between 90 and 110  percent the 
analysis was repeated. 
Total Kjeldahl Nitrogen (TKN) 
Total Kjeldahl nitrogen (TKN) concentrations were determined 
-
by the Sioux Falls Water Reclamation Department laboratory . Their 
testing method utilizes a Labconco Rapid Digester, Mbdel 230 0 0 , using 
principally the same procedure as that outlined in Standard Methods 
[ 1 1] . The digestion procedure is a variation of the procedure given in 
the Labconco manual, to be more suited to the specific types of 
samples analyzed . A more detailed description of the TKN test 
procedure is included in Appendix C .  
pH (Hydrogen Ion Concentration) 
The pH values were determined using a Corning pH meter, Model 
125 , equipped with an Orion combination electrode . 
Alkalinity 
Alkalinity concentrations were determined by the ·procedure 
presented in Standard Methods [ 11], titrating with 0.1 N sulfuric acid 
to an end point pH of 4 . 5 .  The pH meter was used to determine the end 
point . The colormetric procedure commonly used is not appropriate to 
use with the very darkly colored sludge samples . 
Volatile Acids 
The volatile acids concentrations were determined by gas 
chromatography . The acids of concern in anaerobic digestion include ; 
acetic, propionic, iso-butyric, normal butyric, iso-valeric,  and 
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normal valerie. Although all of these acids are present in anaerobic 
digestion, the acetic and propionic acids comprise virtually all of 
the total acids [ 1] .  For this reason only the acetic and propionic 
were monitored in this study. 
When using gas chromatography . for volatile acids 
determinations there are some important points which must be noted. 
First, use of glass columns is necessary. Only glass is inert enough 
to eliminate ads orption of the sample components. Secondly, glass wool 
treated with phosphoric acid must be used in the glass columns to 
retain the packing and to avoid tailing of the component peak s. 
Lastly, a glass injection port is necessary to eliminate ads orption 
[ 3] • 
The samples were prepared in the following manner: 
1 .  Placed 2 0  ml samples of digested sludge into 
50 ml centrifuge tubes. 
2 .  Acidified samples with 0 .  5 ml of concentrated 
sulfuric acid. 
3 .  Centrifuged samples at approximately 4000  rpm 
for 1 0  to 15 minutes. 
4 . Removed supernatant for volatile acids 
determinations. 
5. Stored at 4 degrees C until tested. · 
Interferences and propionic acid carry over were encountered 
when analyzing the samples prepared in the previous manner and it was 
necessary to conduct an ether extraction on the samples to eliminate 
these problems. An explanation of the ether extraction procedure used 
has been included in Appendix C. The operating conditions for the 
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volatile acids determinations are summarized in Table 4 .  A typical gas 
chromatogram of the volatile acids analysis is shown in Figure 4. 
TABlE 4 
-
OPERATING CONDITIONS FOR VOlATilE ACIDS ANALYS IS 
BY GAS CHROMATOGRAPHY 
Parameter 
Gas Chromatograph 
Integrator 
Column 
Packing 
Terrperature 
Carrier Gas 
Flow Rate 
Column Head Pressure 
Detector 
Hydrogen Flow Rate 
Terrperature 
Injection Port 
Terrperature 
Sample Size 
Run Time 
Condition 
Hewlett-Packard 5790A 
Hewlett-Packard 3390A 
8 ft x 2 mm glass 
GP 10% SP-1200/1%  phosphoric 
acid on 80/100  chromosorb W AW 
90 degrees C 
Nitrogen 
3 6  ml/min . 
25  psi 
Flame ionization 
50 ml/min . 
300 degrees c 
Glass Lined 
220 degrees C 
2 microliters 
6 min .  
3 .24 Normal-butyric 
5.30 Iso-valeric 
6 .05 N o rmal-valerie 
STOP 
RUN # 1 NOV/09/84 1 4 :44 :44 
AREA o/o RT AREA TYPE ARIHT AREA o/o 
0. 94 328800 vv 0.254 3 2.3 1 3  
1 .7 1  460230 V B  0 . 1 32 4. 523 
2. 1 3 4706700 8B 0.300 . 46. 255 
3 . 24 1 76 880 8 8  0.335 1 . 738 
5 . 3 0  1 1 3 2300 8V 0 .528 1 1 . 1 27 
6.05 377870 VB 0. 689 3 .71 4 
FIGURE 4 - TYPICA L GAS CH ROMATOG RA� 
OF VOLATILE ACIDS D ETERMINATIO N 
2 9  
30 . 
Gas Analysis 
Gas analysis included the determination of the proportions of 
methane, carbon dioxide, and nitrogen in the digester gas produced . 
The gas was analyzed by gas chromatography . 
The gas samples were collected in the following manner : 
1 .  Gas samples were collected directly from the septum 
located in the gas line on each reactor . A 2 ml gas-tight 
syringe with a pressure-lac valve was used to collect the 
sample . 
2 .  The needle of the syringe was inserted through the septum 
with the plunger fully depressed . The plunger was then 
moved in and out about 3 times ,  to assure a 
representative sample, then a 1 ml £ample was drawn out 
and the valve was moved to the closed position . 
3 .  The syringe was taken directly to the gas chromatograph 
for analysis . 
4 .  Prior to injection into the injection port the syringe 
valve was moved to the open position to allow excess 
pressure to be released . This insured that all of the 
samples were at the same pressure and volume , and thus 
eliminated problems with the peak height . 
The operating conditions for the gas analysis are presented in 
Table 5. To quantify the actual concentrations of methane and carbon 
dioxide present, it was necessary to determine a relative response 
factor for each, for the given operating conditions . This was 
accomplished by injecting a calibration gas which- contained known 
percentages of methane, carbon dioxide , and nitrogen . By comparing 
these known concentrations with the actual output from the integrator, 
a relative response factor was calculated . These factors were used to 
calculate the actual percentages in the digester gases . These response 
factors were checked periodically to assure accuracy, however, they 
TABlE 5 
OPERATING CONDITIONS FOR GAS ANALYSI S  
BY GAS CHROMATOGRAPHY 
Parameter · Condition 
Gas Chromatograph Hewlett-Packard 57 90A 
Integrator Hewlett-Packard 33 90A 
Column 6 ft x 1 / 8  in . stainless steel 
Packing Porapack Q, 80 / 1 0 0  mesh 
Temperature 60 degrees C 
Carrier Gas Helium 
Flow Rate 15 ml /min .  
Column Head Pressure 2 0  psi · 
Detector The.rmal Conductivity 
Temperature 125 degrees C 
Attenuation 1 
Sensitivity 4 
Injection Port Unl ined 
Temperature 1 05 degrees C 
Sample Size 1 rnl  
Run Time 3 min .  
3 1  
did not vary signi ficantly throughout the study . 
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A typical 
chromatogram for a digester gas sample is shown in Figure 5 . 
Gas Production 
The vQlume of gas produced was calculated by using mercury 
manometers to measure gas pressure in the reactors and then the volume 
produced was calculated using the ideal gas law . An example of this 
calculation is included in Appendix B .  
Additional Tests 
The previous tests procedures were conducted routinely 
throughout the data collection period . Before the start of the data 
collection period a series of tests were conducted on each of the 
individual corrponents to be used in the study, including; the whey, 
first wash, whey substrate, thickened s ludge , and digested sludge . In 
addition to the previously discussed tests the following tests were 
also conducted; five-day biochemical oxygen demand (B005 ) ,  arrmonia 
nitrogen, suspended and dissolved solids , and heavy metal 
concentrations . These additional tests will not be discussed in 
detail .  These additional tests were conducted in accordance with 
Standard Methods [ 1 1 ] . Test results for these components are included 
in Appendix D .  
START 
; I I 
; 
I 
I 
I STOP 
RUN # 1  
AREA 0/o RT 
0.44 
0.57 
1 . 1 4  
0.44 
NOV/09/84 
AREA 
235520 
3425400 
2024800 
TYPE 
BV 
VB 
P B  
FIGURE 5 
ARIHT 
0.069 
0 . 1 47 
0. 1 77 
3 3  
0 . 57 Methan e 
1 . 1 4  Carbon Dio xide 
1 5 :55 :55 
AREA 0/o 
4. 1 42 
60.246 
35.6 1 2 
TYPICAL GAS CHROMATOG RAM OF DIGESTER GAS SAM P LE 
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RESULTS AND DISCUSS ION 
Preliminary Studies 
During the acclimation period, data were collected to 
determine the characteristics of the whey, first-wash water, whey 
substrate, thickened sludge, and digested sludge . These 
characteristics are summarized in Table 6 .  
TABlE 6 
AVERAGE CHARACTERISTICS OF CONSTITUENTS 
USED IN STUDY 
Thickener First 
Parameter Sludge Whey Wash 
BODS 3 0 , 250 4 7 , 7 0 0  3 , 2 90 
COD 58 , 680 60 , 0 0 0  6, 370 
Total Solids 5 4 , 900 62 , 28 0  5 , 150 
'IVS 42 , 820 54 , 830 4 , 240 
* 
Alkalinity 3, 4 0 0  3 6 6  2 6  
pH 5 . 6  4 . 6  4 . 4  
TKN 2 , 1 0 0  
+ All values , except pH, are in mg/1. 
* Expressed as eaco
3
. 
Whey 
Substrate 
25, 0 0 0  
39, 94 0 
38 , 8 60 
2 9 , 540 
1 64 
4 . 5 
650 
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To ensure digester stability and to determine the effect of 
whey addition on anaerobic digestion a number of parameters were 
monitored throughout the study . These parameters included; pH, 
alkalinity, volatile acids concentration, gas production and gas 
quality . 
The four pilot anaerobic digesters were loaded at the same 
total volatile solids (TVS )  loading with different percentages o f  the 
TVS being supplied by the whey substrate . Reactor 1 served as the 
control , with all of the TVS being supplied by the thickened s ludge . 
Reactors 2 ,  3 ,  and 4 had J. O ,  2 5 ,  and 5 0  percent o f  their TVS loading 
supplied by the whey substrate respectively . The acclimation period 
for the pilot reactors was approximately two weeks . Data were 
collected from October 1 0 ,  1 984 to December 22 , 1 984 . 
Alkalinity and pH 
As shown in Table 6,  the alkalinity and pH of · the whey 
substrate are significantly lower than that of the thickened s ludge . 
The pH and alkalinity associated with the whey substrate are too low 
for conventional anaerobic digestion ,  and this gives rise t o  one o f  
the benefits of codigestion o f  the whey substrate with municipal 
sewage sludge . The sewage sludge has a much higher alkalinity than the 
whey substrate and a relatively neutral pH . Combining the two 
components can be done in appropriate proportions to provide a mixture 
that is suitable for anaerobic digestion . 
In this study, as the percentage of the 'IVS loading from the 
whey substrate was increased, the resulting alkalinity and pH o f  the 
3 6  
digesters were depressed . This reduction was due to a s imple dilution 
process and was proportional to the percentage of the loading suppl ied 
by the whey substrate . These resulting values , shown in Figures 6 and 
7 ,  were all within the limits considered to be acceptable for 
anaerobic digestion even at the 5 0  percent TVS loading from the whey 
substrate . 
Total Volatile Solids Destruction 
With the addition of the whey substrate, the total volat ile 
solids ( 'IVS )  destruction was enhanced . This reduction ranged from 50.  
percent in the control reactor ( reactor 1)  to 65 percent in reactor 4 ,  
which received 5 0  percent o f  its loading from the whey substrate . This 
increase in the TVS destruction was due to the degradabil ity of the 
whey substrate . The whey substrate is in a soluble form, · and thus can 
be more eas ily biological ly degraded . A.s shown in Table 7 ,  a 50 . 3  
percent 'IVS destruction was obtained in reactor 1 ,  which was the 
control reactor . It was assumed that this was a representative 
destruction rate for the thickener sludge feed in the remaining three 
reactors , and the destruction o f  the whey substrate portion o f  the 
feed was calculated . This resulted in a destruction ranging from 7 1  
percent in reactor 2 t o  7 9  percent in reactor 4 .  Calculating in this 
manner indicated an increase in the percentage of the 'IVS destroyed in 
the whey substrate when the percentage of the feed suppl ied by the 
whey substrate was increased . This may not be the case , but could have 
been due to such things as 1 )  the microorganisms may have actually 
destroyed a larger percentage .of the whey substrate TVS than the 
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w 
co 
Reac tor I n f l ue n t  Th i ckener  Whey Sub . 
TVS I n f .  TVS I n f .  TVS 
mg mg mg 
1 2202 2202 0 
2 2 187 1968 2 1 9  
3 2 181  1636  545  
4 2232 1 1 16 1 1 1 6 
TABL E  7 
TOTAL V OLAT I L E  S OL I DS R E DUCT I ON 
E f f l ue n t  T V S  T V S  
T V S  Removed De s t ru c t i on 
mg mg % 
1094 1 108 50 . 3 
1 04 1 1 14 6  5 2 . 4  
94 6 1 2 35  56 . 6 
789 l tl 4 3  64 . 7 
Th i ck e ne r  Wh ey S u b . 
T V S  Rem . T V S  Rem . 
mg mg 
1094 0 
990 1 56 
82 3 4 1 2  
562 881 
Whey Sub . 
T V S  Des t .  
% 
n a  
71  
76  
7 9 
w "" 
4 0  
calculations indicated, since this i s  more readily degraded, while the 
'IVS destruction of the thickened sludge may have decreased, or 2 )  
addition o f  the wheysubstrate may have actually enhanced the 
degradability of the sludge , possibly due to the associated reduction 
in the suspended solids in the feed, or 3 )  · it is possible that the 
addition of the whey substrate may have converted a portion of the 
thickener sludge to a degradable form . Whatever the case, the results 
do indicate that the vast majority of the TVS supplied by the whey 
substrate was destroyed in the anaerobic digestion process . The total 
volatile solids concentrations in the influent and effluent to the 
digesters are shown in Figure 8 ,  while Figure 9 presents the total 
volatile solids destruction . 
Chemical Oxygen Demand (COD) Removal 
The key item to note with respect to the chemical oxygen 
demand (COD) is that while the total influent COD remained relatively 
constant or decreased, the soluble influent COD increased with the 
addition of the whey substrate . This relationship is shown in Figures 
1 0  and 1 1 . A decrease in the influent COD was expected since, from 
Table 6,  the 'IVS of the thickened sludge is approximately 45 percent 
than that of the whey substrate, while the COD is approximately 47 
percent higher, therefore holding the TVS concentration constant 
should lead to a reduction in the influent COD concentration as the 
percentage of the whey substrate in the feed was increased .  From Table 
8 ,  and as shown in Figure 1 0 ,  the observed values did not decrease 
linearly as they should have theoretically, and this may have been due 
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TABLE 8 
CHEMI CAL OXYGEN DEMAND RE DUCT I ON 
Reactor I n f l ue n t  Th i ckener Whey Su b .  E f f l ue n t COD COD 
COD I n f .  COD I n f .  COD COD Removed De s t ru c t i on 
mg mg mg mg mg % 
1 3867 386 7 0 1803 2064 53 . 4  
( 3867 ) 
2 · 392 1 34 7 9  3 1 2  1 588 2203 5 9 . 5  
{ 3791 ) 
3 3904 29,03 7 7 5  1 5 1 2  2 1 6 6  6 1 . 2  
( 3678 )  
4 - 33 12  1 934  1 5 50 1 2 14 2269  63 . 3  
{ 3484 )  
* P arenthes i s  i nd i cate the  th eore t i c a l  v a l ues  u se d  i n  t h e  c a l c u l a t i o n s . 
Th i c k e ne r  Wh ey S u b . 
COD Rem . COD Rem . 
mg mg 
2064 0 
1857  346  
1549  6 1 7 
1032  i 2 3 7  
Whey S u b . 
C O D  Des t . 
% 
n a  
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to procedural error in the feed mixing or in the laboratory analysis . 
As with the 'IVS destruction, when the percentage of the loading from 
the whey substratewas increased, the solubility was increased (Figure 
1 1 )  allowing it to be more readily biodegraded and thus leading to an 
increased COD reduction . 
Table 8 was calculated in the same manner as Table 7 for the 
TVS values . However the theoretical influent COD values were used in 
the calculations . This was necessary to have adequate information to 
calculate the COD destruction of the whey substrate . . Because of this , 
no conclusions were drawn from these calculations other than that the 
majority of the COD in the whey substrate is stabilized in the 
anaerobic digestion process .  The COD removals are presented in Figure 
12 . 
Total Kjeldahl Nitrogen (TKN) Removal 
As shown in Figure 1 3, the TKN concentration decreased as the 
percentage of the TVS loading supplied by the whey substrate was 
increased . As previously shown in Table 6, the TKN of the whey 
substrate is significantly less than that of the thickened sludge, and 
the resuiting decrease in the TKN is due to dilution . 
There was no substantial nitrogen reduction observed in any of 
the reactors . Since the majority of the nitrogen in the whey substrate 
will be returned to the treatment plant via the supernatant , effects 
on the nitrification system should be minimal from direct addition to 
the digesters . 
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Gas Production 
As the percentage of the loading supplied by the whey 
substrate was increased, the resulting gas production also increased . 
As discussed previously, the TVS destruction was enhanced with the 
addition of the whey substrate and since these solids that are 
destroyed are converted into carbon dioxide and methane, an increase 
in gas production results . Text book ranges for gas production are 
approximately 12 to 18 cu . ft . /lb . TVS destroyed . The observed gas 
production values , presented in Table 9, are at the upper end o f  this 
range , which can be expected under laboratory conditions . 
Reactor 
Number 
1 
2 
3 
4 
TABlE 9 
GAS PRODUCTION PER POUND 
OF TVS DESTROYED 
% of TVS From Whey 
Substrate 
0 
1 0  
2 5  
so 
Gas Production 
Cu . Ft . per Ib 
of TVS Dest . 
18 . 8  
. 18 . 2  
18 . 0  
18 . 6  
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Gas Quality 
The gas pr oduced in anaerobic digestion is comprised almost 
entirely of methane and carbon dio xide . Normally the gas produced 
should have a carbon dio xide content of appro ximately 35-4 9% or less 
and a methane content of 65-70% [ 6 ] . The actual co mposition of t he gas 
is related directly to the alkalinity and pH of the system . As 
alkalinity is reduced, the bicarbonate is reduced to water, hydrogen 
ions , and carbon dio xide,  thus resulting in a lower pH and an increase 
in carbon dio xide [ 13] . As sho wn in Figure 14 , the percentage o f  
methane in the digester gas pr oduced was reduced with the addition of 
the whey substrate . This was expected since as the portion of the feed 
supplied by the whey substrate was increased, the alkalinity and pH 
were reduced and the amount of carbon dio xide increased . This resulted 
in a reduction of energy value per volwne of gas . Even with this 
reduction in the gas quality the methane production in reactor 4 ( 50 
percent -ws loading fro m whey ) increased appro ximately 1 9 . 9  percent , 
while the total gas produ ction increased by 29 . 2  percent , thus 
resulting in a net increase in methane production . Thus , although the 
energy value per volume was reduced, the gas produced did have a 
sufficient percentage of methane to be used as an energy source , and 
the net amount of available energy produced increased . 
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Liquid-Solids Separation 
Although no testing was conducted to determine the effect of 
whey addition on the liquid-solids separation there was a noticeable 
increase in the clarity of the supernatant as the percentage of the 
loading from the whey substrate was increased . This increased clarity 
was probably due in part to the increased solids destruction . 
associated with the addition of the whey substrate, resulting in a 
lower solids concentration within the reactor, and in part due to the 
fact that the whey substrate was much clearer than the thickener 
sludge, and thus addition of the substrate would also increase the 
clarity due to a dilution effect . 
54 
the loadings used in this study . By adding the whey 
directly to the anaerobic digesters the loading to the 
treatment plant would be reduced. This would result in a 
reduction in the solids generated in the secondary and 
tertiary portions of the treatment process , and reduce 
the amount of oxygen required in these processes , while 
providing a supplemental source of energy from the gas 
produced . 
5 .  Based on the results of this study it appears that 
anaerobic codigestion of the whey and first washdown water 
from the Land-0-Lakes dairy along with the sludge from the 
wastewater treatment facility in Sioux Falls is feasible . 
6 .  Codigestion would �efit · the City by reducing the organic 
load to the treatment facility which would also lead to a 
reduction in power costs and the amount . of sludge 
generated, while producing additional gas which can be 
used for electricity generation . 
7. On a full-scale operation the whey and first washwater 
could be trucked to the Water Reclamation Facility 
periodically .and transferred to a holding tank . The 
holding tank will allow for the substrate to be metered 
into the digesters at a relatively constant rate to avoid 
shocks to the digestion process . Mixing or recirculation 
should be provided in the holding tank to reduce curd 
formation and settling . 
55 
FUTURE STUDIES 
Additional studies could be conducted to more completely 
evaluate the effects of the addition of whey on anaerobic sludge 
digestion . These studies could include such things as : 
1 .  The effects of a higher percentage of the loading 
being supplied by the whey substrate . Since adverse 
effects were not encountered in this study, a larger percentage of 
whey substrate could be used to determine at which point the addition 
starts to be detrimental to the anaerobic digestion process . 
2 .  The effects of shorter retention times . 
3 .  The effects of various operating temperatures . 
4 .  The actual effects on the liquid-solids separation . 
5 .  The effect on hydrogen sulfide levels in the gas produced . 
56 
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SLUDGE O!ARACTERISTICS 
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TYPE OF 
SLUDGE 
Primary 
Activated 
Trickling 
Filter 
Digested 
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TABLE A-1 
SLUDGE CHARACTERISTICS [ 2 ]  
DESCRIPTION 
Sludge from primary sedimentation tanks is usually 
gray, slimy and, in most cases , has an extremely 
offensive · odor . It can be readily digested 
nnder suitable conditions of operation . 
Activated sludge generally has a brown flocculent 
appearance . I f  color is quite dark it - may be 
approaching a septic condition . I f  the color is 
lighter than usual there may have been 
nnderaeration with a tendency for the solids to 
settle slowly . Sludge in good condition has an 
inoffensive characteristic odor . It tends to become 
septic rather rapidly and then has a disagreeable 
odor of putrification . It will digest readily alone 
or mixed with fresh wastewater solids . 
Trickling filter humus is brownish, flocculent , and 
relatively inoffensive when fresh . It generally 
undergoes decomposition more slowly tnan other 
undigested sludges , but when it contains many worms 
it may become o ffensive quickly . It is readily 
digested . 
Anaerobically digested sludge is a dark brown to 
black and contains an exceptionally large quantity of 
gas . When thoroughly digested it is not offensive, 
its odor is relatively faint , like that of hot tar, 
burnt rUbber, or sealing wax . 
TABlE A-2 
TYPICAL COMPOSITION OF 
UNTREATED AND DIGESTED SLUDGE [ 2 ]  
Item 
Total Dry Solids 
(TS) , % 
Volatile Solids 
( %  of TS ) 
Grease and Fats 
(ether soluble, 
Protein 
( %  of TS ) 
Nitrogen 
(N, % of TS ) 
Phosphorous 
(P tO� , % of TS ) 
Po a h 
(KfO,  % of TS) 
Ce lulose 
(% of TS) 
Iron 
(not as sulfide) 
Silica 
(Si0
2
, % of TS ) 
pH 
(units)  
Alkalinity 
(mg/1 as caco3
) 
Organic Acids 
(mg/1 as HAc) 
Thermal Content 
(Mj /kg) 
Untreated PrimarY 
Sludge 
Range Typical 
2 . 0- 8 . 0  5 . 0  
60-80  65 
6 . 0-30 
% of TS) 
20-30 25 
1 . 5- 6 . 0  4 . 0  
0 . 8-3 . 0  2 . 0  
0 . 0-1 . 0  0 . 4  
8 . 0-15 10 . 0  
2 . 0-4 . 0  2 . 5  
15-2 0 
5 . 0- 8 . 0  6 . 0 
500-1500 600 
200-2000 500 
14-23 1 6 . 5a 
a :  Based on 65% volatile matter . 
b :  Based on 40% volatile matter . 
Note : Mj /kg x 42 9 . 92 = BTU/Lb 
Digested 
Sludge 
Range Typical 
6 . 0-12 . 0  1 0 . 0  
30-60 40 
5 . 0-2 0 
15-2 0 18  
1 . 6-6  4 . 0 
1 . 5-4 . 0  2 . 5 
0 . 0-3 . 0  1 . 0  
8 . 0-15 10 
3 . 0-8 . 0  4 . 0  
1 0-20 
6 . 5-7 . 5  7 . 0  
2500-3500 3000 
100--600 200  
6- 14 9b 
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TABLE A-3 
TYPICAL DATA ON THE PHYSICAL CHARACTERISTICS AND QUANTITIES 
OF SLUDGE PRODUCED IN VARIOUS TREATMENT PROCESSES [ 2 ]  
Treatment 
Process 
Primary Sedimentation 
Activated Sludge 
(waste sludge) 
Trickling filtration 
(waste sludge) 
Roughing filters 
Sp . Gr . 
of Sludge 
Solids 
1 . 40 
1 . 25 
1 . 45 
1 � 2 8 
Specific Dry solids 
gravity kg/ 1000 cu . m  
o f  sludge Range Typical 
1 . 02 0  1 1 0-170 150 
1 . 0 05 70-100 85 
1 . 025 55-90 70  
1 . 020 --* 
60 
* :  Included in sludge production from biological secondary 
treatment processes . 
Note : kg/1000  cubic meters x 0 . 0083 = lb/ 1000  cu . ft .  
TABLE A-4 
EXPECTED SLUDGE CONCENTRATIONS FROM VARIOUS 
TREATMENT PReCESSES [ 2 ] 
Operation or Process Application 
Primary settling tank 
Primary sludge 
Primary and waste activated sludge 
Primary and trickling filter humus 
Secondary settling tank 
Waste activated sludge 
(w I primary settling) 
Waste activated sludge . 
(w/o primary settling) 
Trickling filter humus 
Gravity Thickeners 
Primary sludge only 
Primary and waste activated sludge 
Primary and trickling filter humus 
Anaerobic digester 
Primary sludge only 
Primary and waste activated sludge 
Primary and trickling filter humus 
Sludge Solids 
Concentration 
% of Dry Solids 
Range Typical 
4 . 00-12 . 0  5 . 00 
3 . 00-10 . 0  4 . 0 0 
4 . 00-10 . 0  5 . 0 0 
0 . 50-1 . 50 0 . 75 
0 . 75-2 . 50 1 . 25 
3 . 0 0- 1 0 . 0  5 . 00 
6 . 0 0-12 . 0  8 . 0 0 
3 . 0 0- 1 0 . 0  4 . 00 
4 . 0 0-10 . 0  5 . 00 
5 . 00-10 . 0  7 . 00 
2 . 50-7 . 00 3 . 50 
3 . 0 0-8 . 00 4 . 00 
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APPENDIX B 
SAMPlE CALCUlATIONS 
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GAS PRODUCTION CALCUlATIONS 
The volume of gas produced was calculated using the ideal gas law :  
or [ 1 ]  
Where : 
P
1 
= atmospheric pressure = 14 . 5  psi 
P = pressure in the reactor (psi)  � = gas storage volume of the reactor ( 0 . 0502 cu . ft . )  Y2 = gas volume in reactor when converted to atmospheric 
pressure (cu . ft . )  
P = (dh*p ) +P 
2 m 1 
Where : 
[ 2 ] 
dh = differential height of mercury in manometer ( inches ) 
p = density of mercury = 0 . 4 8 94 #I cu .  in .  
m 
Therefore, by combining equations [ 1 ] .  & [ 2 ] ; 
v
2 
= [ (dh* 0 . 4 894 ) +14 . 5 ] * 0 . 0502 
14 . 5  
The volume of gas produced is equal to the change in volume, or; 
dV = v
2
-v
1 
= v2
-0 . 0502 , or; 
dV = [ (dh*0 . 4 894 ) +14 . 5 ] * 0 . 0502 - 0 . 0502 
14 . 5  
Numerical Exanple : 
Assume that dh = 2 0  inches of mercury 
[ 4 ]  
The gas produced is calculated utilizing equation [ 4 ] ; 
dV = [ (2 0 * 0 . 4 984 ) +14 . 5 ] * 0 . 0502 - 0 . 0502 
14 . 5  
dV = 0 . 0339 cubic feet 
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APPENDIX C 
ADDITIONAL LABORATORY PROCEDURES 
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ETHER EXTRACTION PR.CXEDURE 
Due to interferences encountered in the volatile acids analysis by gas 
chromatography it was necessary to conduct . an ether extraction on the 
samples prior to analysis . The procedure is summarized below : 
1 .  Centrifuge approximately 2 0  ml of the digester sludge for 
1 0  minutes . 
2 .  Pipet 5 ml of the centrate into a 10  ml screw top test 
tube . 
3 .. Under the fume hood add 2 ml of ether, secure cap, and 
shake vigorously . 
4 .  Add NaCl (sodium chloride) and remove approximately 2 ml of 
the sample, placing it into a small test tube . 
5 .  Allow the ether to rise to the surface and pipet off the 
top . · Place this into a small , screw top septum bottle and 
add a few pellets of anhydrous sodium sulfate, to remove 
the dissolved water, let stand for at least 5 minutes . 
6 .  Inject sample into gas chromatograph or store at 4 degrees 
c .  
IJE L D A H L  N I T ROGEN TEST 
- DETE RMI N E S  N I TROG E N  IN T H E  T R I N EG A T I VE STATE 
- P R I NC I PLE : IN P R E S E N C E  O F  H 2 S 0 4 , K 2 S 04 , AND H g S 0 4  C ATAL I S T ; 
AMI N O  N I T R OGE N , F R E E  AMMO N I A ,  A N D  AMMO N I A - N I T R O G E N  ARE C O N V E R TED 
TO ( NH4 ) 2 S 0 4 . 
*DUR I N G  D I G E S T I O N  H g - N H 4  COMPLE X FO RMS 
*NH 4 IS FREED U S I NG N a O H-Nai -EDTA TO FORM W I TK Hg 
*NH 4 IS TH EN D ETE RMI N E D  U S I N G  AMM O N I A  PROBE 
- P R OCEEDURE US I N G  L A B C O N C O  25 T U B E  D I G E S TOR 
1 )  I NTO CLE A N  250 ML LABCO N C O  TUBES , MEASURE I N  1 5  MLS 
D I GES T I ON REAGENT , A P P R O P R I A TE S AMPLE S I ZE ( 1 0 - 5 0  MLS ) * ,  A N D  
W A TER A L I QUOTE THA T  B R I N G S  ALL TU B E S  T O  S AME VO LUME . AN EXAMPLE 
OF A S AMPLE RUN LOO K S  L I KE TH I S : 
S AMPLE MLS IN 2 5 0  NH 3 - N ( MG / L )  TKN ( MG / L )  
1 )  1 0 0 PPM STD 1 0  4 . 00 1 0 0 
2 )  5 0  PMM STD 1 0  2 . 00 50 
3 )  S Y 1 0 2 0  1 0  ? ? 
4 )  S Y 1 0 2 1  1 0  ? ? 
5 )  S Y 1 0 2 2  1 0  1 ? 
6 )  S Y 1 0 2 3  1 0  ? ? 
7 )  S Y 1 0 2 4  1 0  ? 1 
8 )  S Y 1 0 2 4  1 0  ? 1 
9 )  S Y 1 0 2 5  1 0  ? ? 
1 0 )  S P I K E  1 0  ? ? 
S Y 1 0 2 5  5 
1 0 0  PPM STD 5 
1 1 )  1 0 0  P PM S TD 1 0  4 . 00 1 0 0 
1 2 )  5 0  PPM STD 1 0  2 . 00 5 0  
1 3 )  R N 1 0 0 1  5 0  ? ? 
1 4 )  R N 1 00 2  5 0  ? 1 
1 5 )  R N 1 00 3  5 0  1 ? 
1 6 )  R N 1 0 0 4  5 0  ? ? 
1 7 )  R N 1 005 5 0  ? ? 
1 8 )  R N 1 006 50 ? ? 
1 9 )  R N 1 006 50  7 1 
2 0 ) RN 1 0 0 7  5 0  1 1 
2 1 ) S P :I; I E  50 ? ? 
RN 1 0 0 7  4 5  
1 0 0  PPM STD s 
2 2 )  1 0 0  P PM S TD 1 0  4 . 00 1 0 0 
Z 3 ) 1 0 0  PPM STD 1 0  4 . 0 0 1 0 0 
2 4 ) 50 PPM S TD 1 0  2 . 00 50 
2 5 ) 5 0  P PM STD 1 0 2 . 0 0 50 
*VO LUME OF S AMPLE T O  U S E  B A C E D  O N  EX P ECTED TK N 
6 6  
EXPEC TED TKN 
1 0 0  PPM OR GR E ATER 
S 0 - 1 00 P PM 
2 0 - 5 0  PPM 
L E S S  THAN 2 0  P PM 
S A M P L E  VOLUME ( ML S ) 
1 0  
2 0  
so  
1 00 
2 )  D I G E S T  AT 1 0 0  D E G R E E S  C E N T I G R A D E  U N T I L  MOST OF WATER H A S  
BO I LED OFF . I N C R E A S E  T E M P  TO 3 4 0  C �NTI G R A D E  A N D  D I G E S T  A T  TH I S  
TEMP FOR 1 0 - 1 5  MI NUTE S ( L O N G E R  D I G E S T I O N  T I M E S  H A V E  S H OWN 
N I TR O GEN LO S S  ) .  TH E W A T E R  A S P I RATOR HOOD S HO UL D  O N LY BE U S ED 
D U R I N G  TH E AC I D  BO I L I N G  P H A S E . 
6 7  
3 )  S HUT OFF HEATI N G  B L OC K , R EMOVE FUM E  REMOVAL S Y S T E M , AND 
T R A N S FER TO CO O L I N G R A C K . 
4 )  ALLOW CO NTENTS TO . CO O L  UNT I L  CONTENTS BEG I N  T O  C R YS AL I ZE , 
T H E N  ADD S O  MLS L A B O R A T O R Y  P U R E  W A T E R  TO EACH TUBE . 
S )  TR A N S F E R  TUBES B A C K TO H EA T I N G  B L O C K  ( BUT DO NOT TUR N  I T  
B A C K  O N  ) A N D  W A I T  UN T I L  S T E AM A P P E A R S  T O  E S C A P E . T H E  C R Y S T A L  
C A K E  S H O U L D  BEG I N  TO D I S S O L V E . S I N C E  T H E  HEA T I N G  B L O C K I S  A T  
TEMP ER ATUR E S  A B O V E  1 0 0 C E N T I G R A D E  THE S AM P LES MUST B E  R EM O V E D  
B E FORE BO I L  O V E R  O C C U R S . T O  F I N I S H  D I S S O L V I N G CA K E , S W I R L  E A C H  
TU B E  BR I S KL Y . I F  C A K E  S T I LL I S  P R E S ENT T R A N S FER E A C H  TUBE 
I N D I V I DUA L L Y  BACK TO TH E H E A T I N G  B LO C K MA K I N G  S U R E  TU B E  D O E S  NOT 
E X C E EDS 1 0 0  C E N T I G R A D E . P I CK UP T U B E  AND SWIRL A G A I N . R E P E A T  
H EA T I N G  A N D  SWI R L I N G  U NT I L C A I E  I S  COMPLET E L Y  D I S S O L V E D . T R A N S F E R  
A L L  TU B ES TO COO L I N G  R A C K . 
6 )  US I N G  LABO R A TO R Y  PU R E  WATER , F I L L  EACH TU B E  TO 2 5 0  ML M A R K . 
7 )  P R E P A R E  C A L I B R AT I O N  S TA N D A R D S  O F  1 0 0 A N D  S O  PPM . B Y  P UTT I NG 
1 0  MLS O F  EA C H  I NTO S E P ER AT E  L A B C O NCO TUBES . A D D  I S  MLS 
D I G E S T I O N  R E A GE NT , TH EN F I LL TO 2SO ML M A R K  W I TH L A B  PURE W A T E R . 
8 )  PLA C E  p H  METE R TO " A C T I V I T Y "  MO D E  A N D  S ET I N S T R UM E N T  A S  
FOLLOWS : 
TEMP : 2 6  DEG R E E S  C E N T I G R A D E  
S LO P E : - S 7 . 0  
C A L  1 :  4 . 00 
9 )  MIX 1 0 0  PPM C A L I B R A T I O N  S T D  B Y  POUR I NG B A C K  A N D  F O R TH 
S EV E R A L  T I M E S  B ETWEEN T H E  T U B E A N D  T H E  PLAS T I C  C U P . F I L L TH E C UP 
TO TH E 1 0 0  ML MA R K . P L A C E  CUP O N  TH E MAG N ET I C  S T I R R E R . ADD 4 M L S  
EDTA- NaOH S OLUT I O N  A N D  P L A C E  ELECTRODE I N  S AMPLE . P R E S S  R E A D  
B UTTON O N  p H  METE R . A D D  1 - 3  MLS O F  1 0  N N a O H  TO BR I N G  THE p H  
P A S T  1 0 . 0  P O I NTS ( T H E  p H  A T  WH I C H THE N H 4  I S  C O N VER TED T O  N H J  -
TH E P ROB E D I S P L A Y  SH OWS U P W A R D  C L I M B  ) .  WHEN TH E METER REA D I N G  HA S 
S T A B I L I Z ED , PRES S " C A L  1 "  B UT TO N . IMME D I A T ELY T A K E  P R O B E  OUT OF 
S AMPLE ( H I GH " -O H "  FO ULS TH E MEMB R A N E  ) .  
1 0 )  TO C H E C K  T H E  CA L I B R A T I ON , P R E P A R E  THE S O  PPM S T D  A S  ABO VE . 
I T  SHOUL D  READ OUT CL O S E  TO 2 . 0 0 PPM ( + OR - 1 0 % P O I N TS ) .  I F  
TH I S  STD C H E C K  FA I L S  C H E C K  THE S L O P E  B Y  S ETT I N G  " CA L  2 "  T O  2 . 00 
P P M  AND P R ES S I NG " C A L  2 "  WH I LE P R O B E  I S  R E A D I N G  S O  PPM S TD .  I F  
THE SLOPE DOES NOT FALL W I T H I N  -5 7 . 00 0 ( +  OR - 3 . 0 ) . T H E  P R O BE I S  
FAULTY OR S TD S  ARE AT FA ULT . R E C H E C K  STDS B EFO R E  CONS ULTI NG MET E R  
OR P R O B E  M A NU A L S  F O R  H E L P . 
1 1 )  O N C E  METER H A S  B E E N  S E T  A N D  C H E C K E D , R E A D  OUT D I G E S T E D  
S AM P LES TH E S AME W A Y  TH E C A L I B R A T I O N  S T D S  W E R E  R E A D . R EM EM B ER TO 
K E EP THE P R O B E  I N  TH E S AM P L E  A T  T H E  MOST M I N I MUM TIME R E Q U I RE D  
FO R REA D I N G  TO S T A B I L I Z E , O TH E R W I Z E  S TD R E C O V E R Y  I S  L O S T  A S  T H E  
R UN P R O CEEDS . 
- R E A G E NT S : 
! ) D I G E S T I O N  R E A G E NT 
-MIX 1 5 0 0  MLS L A B  P U R E  WATER 
6 0 0  MLS S U L F U R I C  AC I D  I N  4 L  BEAIER 
O N E  TR A Y  OF L A B  PURE I CE 
-TH EN ADD 4 0 2  G P O T A S S I UM S UL F A TE ( K 2 S 04 ) 
6 8  
-ADD I N  7 5  M L S  H g 0 - 6 N  H 2 S 04 S O LU T I O N  ( 6 g H g O  I N  75 MLS 
H 2 S 0 4 ) .  
-BR I N G  UP TO 3 L  W H E N  P R O D UC T S  AT ROOM TEMP . 
2 ) AMMO N I A STOC K S O L U T I O N 
-D I S S O LVE 3 . 8 1 9  g A N H Y D R O U S  N H 4 C l  D R I ED AT 1 0 0 C I N  1 L 
L A BORATORY W A TER . 
3 ) 1 0 0 PPM S T D  
-VO LUM ET R I C L Y  P I P ET 1 0 0 M L S  AMMO N I A STOC K S O LUT I O N  I NTO 
1 0 0 0  ML V O L UMETR I C  F L A S K , B R I N G U P  TO 1 L .  
4 ) 5 0 P PM S TD 
-VO LUM ETR I CL Y  P I P ET 5 0  M L S  AMMO N I A  STOC K S O LUT I O N  I NTO 
. 1 0 0 0  ML VO LUMETR I C  F L A S K , B R I NG UP T O  1 L .  
5 ) 1 0  N 'NaOH 
-ADD 400 g NaOH T O  8 0 0  M L S  LAB PURE WATER , COO L , B R I NG U P  
T O  1 L .  
6 ) Na OH-EDTA- Na i S O LUT I O N 
- I NTO 7 0 0  MLS LAB P U R E  W A T E R  PUT : 
4 0 0  g NaOH 
3 0 0  g Na i 
2 g EDTA 
-COOL AND B R I NG UP TO 1 L .  
APPENDIX D 
EXPERIMENTAL DATA 
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TABLE D-1 
ANAEROB IC DODI6ESTIDN OF WHEY 
DAILY TOTAL VOLATILE SOLIDS DATA 
Reactor 1 Reactor 2 Reactor 3 Reactor 4 
Date Sol ids Sol ids Sol ids Sol ids 
Influent Effluent D!st. ; � Influent Eff luent Dest. ; %  Influent Eff luent Dest. ; % Inf luent Effluent Dest. : i 
10/08/84 32, 570 13, 160 59. 6 30, 920 12, 190 £0. 6 31, 460 1 1 , 880 62. 2 30, 030 1 1 , 660 6 1 . 2  
10/0CJ/84 30, 230 13, 160 56. 5 30, 000 1 1 , 910 60. 3 29, 330 1 1 , 570 60. 6 28. 710  1 1 , 310 60. 6 
10/ 10/84 30, 510 13, 590 SS. 5 29, 470 12 , 240 S8. S  29, 460 1 1 , 830 59. 8 29, 080 1 1 . 430 60. 7  
1 0/1 1 /84 30, 250 1 3, 570 SS. l 29, 390 1 1 , 900 59. 5 29, 010 1 1, 730 59. 6 28, 990 1 1 , 240 61 . 2 
10/ 14/84 30, 480 14, 920 51 . 0  30, 070 13, 1 10 56. 4 29, 910 . 12, 1 10 59. 5  29, 290 1 1 , 860 S9. S 
10/15/84 30, 480 14, 920  51 . 0  30, 070 13, 1 10 56. 4  29 , 91 0  12, 1 1 0  5�. 5 29, 290 1 1 , 860 59. 5 
10/ 17/84 ' 28, 400 14, 030 50. 6  23, 680 12, 410 47. 6 28, 720 1 1 , 820 58. 8 29, 020 10, 790 62. 8 
1 0/ 19/84 29, 570 14, 150 52. 1 27, 240 13, 290 51. 2 29, 030 1 1 , 730 59. 6 29, 930 1 1 , 070 63. 0 
10/20/84 31, 200 14, 840 52. 4 30, 500 13, 480 55. 8 3 1, 610 12, 380 60. 8  30, 020 1 1 , 250 62. 5 
10/21/84 30, 080 15, 140 49. 7 31 , 1 20 13, 880 55. 4 30, 480 12, 740 58. 2 31 , 600 1 1 , 070 65. 0 
10/22/84 26, 840 14, 520 45. 9 27, 940 13, 530 51 . 6  29, 200 12, 310  57. 8 27. 870 1 0,_520 62. 3 
10/.23/84 32, 900 15, 400 53. 2 32, 275 14, 560 54. 9 3 1 , 900 1 3, 410 58. 0 32, 620 1 1 , 800 63. 8 
10/25/84 30, 200 16, 146 46. 5 30, 330 14, 070 53. 6 3 1 , 980 13, 090 59. 1 32, 200 1 1 , 200 65. 2 
1 0/26/84 32, 860 1 5, 850 51 . 8  32, 320 13, 560 58. 0 31 , 550 13, 470 51. 3 32, 130 1 1 � 170 65. 2  
10/27/84 33, 460  15, 330 54. 2 33, 090 14, 400 �. 5 31 , 840 13, 290 �8. 3  33, 310 1 1 , 160 66. 5 
10/28/84 �, 270 1 5, 570 46. 8 29, 510 14, 630 50. 4' 29 , 420 1 3, 370 54. 6 27, 400 10, 560 61.  s 
10/29/84 19, 940 14, 300 28. 3  21 , 070 13, 290 3b. 9  22, 260 12, 300 44. 7  25, 700 10, 090 60. 7  
10/31 /84 22, 330 1 3, 340 40. 3 22, 740 1 2, 890 43. 3 23, 980 1 1 , 840 50. 6 26, 050 9, 650 63. 0 
1 1 /02/84 22, 330 . 14, 020 37. 2 22, 740 13, 000 42. 8 23, 980 1 1 , 960 50. 1 26, 050 9, 440 63. 8 
1 1 /04/84 21 , 670 12, 480 42. 4 24, 320 12, 810 47. 3 24, 790 1 1 , 560 53. 4 30, 540 9, 350 69. 4 
1 1 /0S/84 23, 580 13, 010 44. 8  24, 680 12 , 920 47. 6  25, 760 1 1 , 520 �. 3 28, 250 9, 1 70 67. 5 
1 1 /06/84 23, 580 10, 020 57. 5 24, 680 12, 460 49. 5 25, 760 14 ,  720 42. 9 28, 250 1 3, 470 52. 3 
1 1/07/84 24, 140 12,  780 47. 1 23, 600 15, 650 33. 1 24, 550 13 , 250 46. 0 25, 820 10, 480 59. 4 
1 1 /08/84 23, 150 13, 650 41. 0 25, 310 13, 430 46. 9 27, 100 1 1 , 300 58. 3 30, 550 9, 900 67. 6 
1 1/09/84 23, 150 14, 700 36. 5 25, 310 13, 1 90 47. 9  27, 100 12, 1 10 55. 3 30, 550 9, 750 68. 1 
1 1 /10/84 23, 360 14, 270 38. 9 23, 440 1 3, 380 42. 9 24 , 01 0  12, 420 48. 3 . .  24, 930 10, 010 59. 8 
1 1 / 1 1 /84 23, 360 1 4, 270 38. 9 23, 440 13, 380 42. 9 24, 0 10 12 , 420 48. 3 24, 930 1 0, 0 10  59. 8 'J . 0 . -
TABLE D-1 
ANAEROBIC CDDISESTION OF WHEY 
DAILY TOTAL VOLATILE SOLIDS DATA 
Reactor 1 Reactor 2 Reactor 3 Reactor 4 
Date Solids Sol ids Sol ids Sol ids 
Influent Effluent Dest. ; � Inf luent Effluent Dest. ; j Inf luent Eff luent Dest. ; � Inf luent Effluent Dest. ; � 
1 1/ 12/84 23, 360 14, 270 38. 9 23, 440 13, 380 42. 9 24 , 01 0 12, 420 48. 3  24, 930 1 0, 010  59. 8 
1 1 / 13/84 23, 360 14, 230 39. 1 23, 440 1l, 250 43 .5 24, 010 1 1 , 900 50. 4 24, 930 9, 840 60. 5 
1 1/14/84 25, 210 14, 230 43. 6 24, 960 13, 250 46. 9 25, 010 1 1 , 900 52. 4 26, "0 9, 840 6C:. 8 
1 1 / 15/84 25, 2 10 14, 230 43. 6 24, 960 13, 250 4f.. 9  25, 010 1 1 , 900 52. 4 26, 440 9, 840 b2. 8 
1 1/ 16/84 25, 210 14, 230 43. 6 24 , 960  13, 250 46. 9 25, 010 1 1 , 900 52. 4 26, 440 9, 840 62. 8 
1 1/ 17/84 25, 210 15, 140 Jg. 9 24, 960 13, 740 45. 0 25, 010 12, 760 49. 0 2f., 440 1 0, 440 60. 5 
1 1/ 18/84 25, 940 15, 140 41. 6 26, 860 13, 740 48. 8 27, 080 12, 760 SZ. 9 28, 690 1 0, 440 6J. 6 
1 1 / 19/84 25, 940 15, 140 41. 6 26, 860 13, 740 ·48. 8 27, 080 12, 760 52. 9  28, 690 10, 440 63. 6 
1 1/20/84 25, 940 15, 140 41 . 6 26, 860 13, 740 48. 8 27, 080 12, 760 SZ. 9 28, 690 10, 440 63. 6  
1 1 /21 /84 25, 940 16, 310 37 . 1 26, 860 14, 120 47. 4 27, 080 1 2, 1 30 �5. 2 28, 690 1 3, 510 52. 9 
1 1/30/84 32, 720 14, 670 55. 2 . 32, 570 13, 870 57. 4 32, 120 1 3, 190 58. 9 30, 890 .10, 900 64. 7 
12/01 /84 32, 720 14, 440 55. 9 32, 570 13, 730 57 . 8 32, 120 12, 970 59. 6  30, 890 1 1 , 100 64. 1  
12/02/84 28, 010 1 3, 400 52. 2 28, 160 13, 220 53. 1 26, 590 1 1, 850 55. 4 26, 540 10, 320 61. 1 
12/03/84 28, 010 13, 400 52. 2 28, 1 60  13, 220 53. 1 26, 590 1 1 , 850 55. 4 26, 540 10, 320 6 1 . 1 . 
12/04/84 32, 020 13, 400 58. 2 31 , 160 13, 220 57. � 29. 660 1 1 , 850 60. 0 28, 020 10, 320 63. 2 
12/0S/84 32, 020 15, 060 53. 0 3 1, 160 12, 610 59. 5 29, 660 12, 440 58. 1 28, 020 10, 780 61 . 5 
12/06/84 33, 020 15, 060 54. 4 J0, 960 12, 610 59. 3 31 , 130 12, 440 60. 0 33, goo 10, 780 �. 2 
12/07/84 33, 020 12, 310 62. 7 30, 960 13, 100 57 . 7 31, 130 10, 1 40 67. 4 33, 900 10, 100 70. 2 
12/08/84 33, 020 12, 310 62. 7 30, 960 13, 100 57. 7 3 1 , 130 10, 140 67. 4 33, 900 10, 100 70. 2 
12/10/84 35, 400 14, 680 58. 5 34, 330 14, 740 57 . 1 33. 7 10 13, 160 61 . 0 32, 320 10, 850 66. 4 
12/ 1 1 /84 35, 400 14, 680 58. 5 34, 330 14, 740 57. 1 33, 710 1 3, 160 61 . 0 32, 320 10, 850 66. 4 
12/13/M 35, 040 17, 250 50. 8 32, 420 14, 820 54. 3  32, 640 1�, 910 60. 4 32, 840 1 1 , 1 70 66. 0 
1 2/14/84 35, 040 17, 250 50. 8 32, 420 14, 820 54. 3 32, 640 12, 910 60. 4 32, 840 1 1, 1 70 66. 0 
12/ tS/84 33, 860 17, 930 47. 0  32, 7 10 14 ,540 55. 5 33, 440 13, 230 60. 4 33, 1 30  8, 960 73. 0 
12/ 16/84 33, 860 1 7, 930 47. 0 32, 710 14 , 540 55. 5 33, 440 1 3, 230 60. 4 33, 130 8, 960 73. 0 
-....J 
� 
. -
TABL� D-2 
ANAE ROB I C  COD I GE S T I ON 0� WHE Y 
E X P E R I MEN TAL D A T A  
.PA R AMI;.TE R  
L I QU I D  VOLUME , L I TE RS 
Y. OF TVS F RO M  SLUDGE 
� OF TVS F ROM WHE Y S U B S T R A T E  
SOL I DS R E T EN T I ON T I ME , D A Y S  
D I GESTE R TEM PE R A T U R E � D E G R EES C 
AL KAL I N I TY , m g / 1  AS CALC I UM C A R BONATE 
pH , U N I T S 
LOAD I NG R ATE ,  L BS . TVS / DAY / CU . FT . 
I NFLUENT TVS , m q / 1  
EFFLUENT T VS , m g / 1  
SOL I DS DESTRUC T I ON �  ;( 
I NFLUEN T COD , m g / 1  
EFFLUE:NT CO D �  r.l g / 1 
COD REMOVAL , 1-
I NFLUENT TKN ,.  r11 Q I 1 
EFFLUENT T K N ,  m g / l  
T K N  R E DUCT I ON . r. 
GAS P RO DUCT I ON ,  CU . FT . / D AY 
GAS P RODUCT I ON ,.  C U . F T . / L B  0 �  T VS DEST ROYED 
GAS P RODUCT I ON ,  CU . F T . /LB  O F  CUD REMOVED 
GAS COMPOS I T I ON 
il. MET HANE 
� C A R B O N  D I O X I DE 
SOL UA BLE COD - I NF L UENT 
SOLUABLE C O D  - E F F LUEN T  
1 
1 .  5 
1 00 
0 
· 20 
3 7  
5 .. 53'3 
7 . 2 4 
0 . 09 1 7  
2'3 �  360 
1 4 , 587 
5 0 . 32 
5 1 , 55 8  
2 4 , 038 
53 . 38 
2 ,. 4 1 9  
1 ,  B 5 ;::: 
2 3 . 44 
o. 0 '•58 
1 8 . 76 
1 0 . 0 7  
E.4 .  0 
36 . 0 
9 .. El 64 
3 , 046 
. •.. __12_ lG.� STE �-Llt"1�t:: H __ 
2 3 4 
1 .  5 1 .  5 1 .  5 
'30 75 50 
1 0  25 50 
20 20 20 
37 37 3 7  
5 , 308 4 , '3 5 7  4 , 3 '30 
7 . 1 9  7 .  1 3  7 . 0 3  
0 . 09 1 1 0 . 0 '308 0 . 0 9 30 
2'3 , 1 5'3 2'3 � 0 8 2  2'3 � 778 
1 3 , 88 1 1 2  .. 6 1 8  1 0 ,. 5 1 8  
52 . 40 5.6 . 6 1  6 4 . 6 8  
52 , 286 5 2 , 052 44, 1 63 
2 1 . 1 7 3  2 0 �  1 55 1 6 , 1 9 1  
5'3 . 00 6 1 . 28 63 . 3 4 
�::: .. 1 7 7 1 �  9 7 3  1 .  6 5 3  
1 '  756 1 '  585 1 ,  468 
1 8 . 88 1 '3 .  6 7  1 1 . 1 '3 
0 . 0460 o.  0 48�':3 0 . 05'32 
1 8 . 20 1 7 . 94 1 8 .  5'3 
8 . '3 4  9 . 2 6 1 2 . 80 
6f� .  '• 6 1 .  7 6 0 . 6 
3 7 . 6 3 8 . 3 3�3 .  4 
1 2 � 20l-:: l E  . ..  7 30 2 E: ,  7 4 '�) ......., 
;� .. 5 4 3 2 , 3 7 0  2 .. 5 0 0  N 
7 3  
T A B L E  D - 3  
AN A E R O B I C  C O D I G E S T I ON 0 �  WHE Y 
D A I L Y GAS VOLU M E S  P R O D U C E D  < C u b i c  F e e t > 
D a t e 
= = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = =  
1 0 / 08 / 84 
1 0 / 09 / 8 4 
1 0 / 1 0 / 8 4 
1 0 / 1 1 / 8 4 
1 0 / 1 2 / 84 
1 0 / 1 3 / 8 4 
1 0 / 1 4 / 84 
1 0 / 1 5 / 84 
1 0 / 1 6 / 84 
1 0 / 1 7 / 84 
1 0 / 1 8 / 8 4 
1 0 / 1 9 / 8 4 
1 0 / 20 / 8 4 
1 0 / 2 1 / 8 4 
1 0 / 22 / 84 
1 0 / 2 3 / 8 4 
1 0 / 24 / 8 4 
1 0 / 25 / 8 4 
1 0 / 26 / 84 
1 0 / 27 / 84 
1 0 / 28 / 8 4 
1 0 / 2 9 / 8 4 
1 0 / 30 / 8 4 
1 0 /3 1 / 8 4  
1 1 / 0 1 / 8 4 
1 1 / 02 / 8 4 
1 1 / 03 / 84 
1 1  / 0 4 / 8'+ 
1 1  / 05 / 84 
1 1 / 06 / 84 
1 1 / 0 7 / 84 
1 1 / 08 / 8 4 
1 1 / 09 / 84 
1 1 / 1 0 / 84 
1 1 / 1 1 / 8 4  
1 1 / 1 2 / 84 
1 1 / 1 3 / 8 4 
1 1 / 1 4 / 8 4 
1 1 / 1 5 / 8 4 
1 1 / 1 6 / 8 4 
1 1 / 1 7 / 8 4 
1 1 / 1 8 / 8 4 
1 1 / 1 9 / 8 4 
0 . 036 3 
0 . 0337 
0 . 038 1 
0 . 0458 
0 . 0 4 2 4  
0 . 0502 
0 . 0 3 7 3  
0 . 0 4 8 5  
0 . 0558 
0 . 0 5 0 9  
0 . 0 3 1 1  
0 . 0 4 4 5  
0 . 0 3 8 1 
0 . 0433 
0 . 0337 
0 . 0 4 0 3  
0 . 0 5 5 3  
0 . 0 5 2 2  
0 . 0 4 2 5  
o .  () 4 5 3  
0 . 0 3 5 2  
0 . 0 4 4 3  
0 . 04 9 3  
0 . 0 5 1 6  
0 . 0 3 8 3  
0 . 0 3 9 3  
0 . 0 4 35 
0 . 0400 
0 . 0 3 3 5  
0 . 0 4 3 0  
0 . 0368 
0 . 0 3 6 4  
0 . 038 1 
0 . 0 3 7 7  
0 . 0 3 8 3  
0 . 0 3 9 1 
0 . 0 4 2 9  
0 . 0 3 5 6  
0 . 0328 
0 . 0000 
0 . 0 3 8 3  
0 . 038 7 
0 . 0 3 7 7  
o .  03 7 7  . 
0 . 0 4 0 5  
0 . 04 5 4  
0 . 0 4 5 8  
0 . 0 4 5 6  
0 . 0 4 2 2  
0 . 0 4 4 9  
0 . 0 5 0 5  
0 . 0 4 9 1 
0 . 0 3 4 8  
0 . 0 4 6 6  
0 . 0 4 4 8  
0 . 0 4 5 7  
0 . 0 4 3 4  
0 . 0 3 5 1 
0 . 0 5 4 8  
0 . 0 4 3 5  
0 . 0 5 0 3  
0 . 0 4 32 
0 . 0 4 5 8  
0 . 04 7 7  
0 . 053 ., 
0 . 0 3 7 9  
0 . 0 4 4 3 
0 . 0 4 1 6  
0 . 0 4 5 8  
0 . 0 4 0 2 
0 . 0 4 56 
0 . 0 4 1 4 
0 . 0 3 8 0  
0 . 0 3 9 3  
0 . 0 3 9 7  
0 . 0 3 '3 3  
0 . 0 3 '3 1 
0 . 0 4 7 5  
0 . 0 4 1 2 
0 . 0 4 0 4  
0 . 0 3 0 3  
0 . 0 3 0 5  
0 . 0 2 '3 '3 . 
0 . 034 7 
0 . 0358 
0 . 04 2 3  
0 . 04 4 5  
0 . 0 4 5 '3  
0 . 0 4 4 9  
0 . 0462 
0 . 0 4 3 7 
0 . 0 5 4 2  
0 . 05 4 3  
0 . 0407 
0 . 0 5 0 0  
0 . 0 4 5 8  
0 . 0 4 7 7  
0 . 0 4 3 5 
0 . 05 1 7  
0 . 0 4 4 5  
0 . 0 5 2 9  
0 . 0 4 50 
0 . 0 5 2 7 
0 . 0 5 22 
0 . 0 4 7 0  
0 . 0 4 '3 6  
0 . 0527 
0 . 0 3 6 4  
0 . 0453 
0 . 0 4 3 5  
0 . 0 4 5 8  
0 . 0398 
0 . 0 4 25 
0 . 0 4 4 8  
0 . 0 4 7 7  
0 . 04 5 4  
0 . 04'3 4 
0 . 0 4 4 8  
0 . 0456 
0 . 0 4 50 
0 . 0 3 4 2  
0 . 0 3 86 
0 . 0 4 1 1 
0 . 0 3 59 
0 . 0 4 6 1 
0 . 0 5 1 9  
0 . 0 4 7 €,  
0 . 0 4 7 9  
0 . 0 5 5 8  
0 . 0 5 4 1 
0 . 04 35 
0 . 0 5 2 8 
0 . 0573 
0 . 0 5 8 1 
0 . 0 3 2 4 
0 . 0 3 6 4  
0 . 0 5 1 5 
0 . 0 5 4 7 
0 . 0 4 29 
0 . 0 5 1 5  
0 . 04 5 8  
0 . 0 5 0 2  
0 . 0 4 6 6  
0 . 0 4 6 9  
7 4  
T ABLE D - 3  
ANAEROB I C  COD I GE S T I ON 0 �  WHE Y  
D A I LY G A S  VOLUMES P RODUCED < C u b i c  F e e t ) 
D a t e R e a c t ot" 2 Re a c t o t" 3 R e a c t c•t" 4 
= = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = == = = = = = = = = = = = 
1 1 / 2 0 / 84 
1 1 / 2 1 / 84 0 . 0 3 3 3  0 . 0 3 0 7 " 0 . 04 3 1 0 . 0 4 5 4  
1 1 / 22 / 8 4  0 . 0 2 9 7  0 . 0 3 1 0 0 . 04 1 0 0 . 0 4 7 7  
1 1 / 2 3 / 8 4 0 . 0 3 5 1 0 . 0 3 2 8 0 . 04 3 5  0 . 0460 
1 1 / 2 4 / 8 4 0 . 0 4 1 8  0 . 0 3 2 8 0 . 0 4 5 7  0 . 0 4 7 '3  
1 1 / 25 / 84 0 . 03 7 2  0 . 0 3 3 3  0 . 0 4 5 2  0 . 0 4 5 9  
1 1 / 26 / 8 4 0 . 0 4 6 9  0 . 0 3 8 5 0 . 0 4 85 0 . 0 5 2 7  
1 1 / 2 7 / 8 4  
1 1 / 28 / 84 0 . 0 3 9 7 0 . 0 4 4 8 0 . 0 4 7 3 0 . 0 4 9 2  
1 1 / 2 9 / 8 4 0 . 0 3 6 8  0 . 0 4 2 3  0 . 0 4 2 7  o ·. 0 4 1 o 
1 1 / 3 0 / 84 0 . 0 5 06 0 . 0 4 8 1 0 . 0 4 3 9  0 . 0 4 2 0  
1 2 / 0 1 / 8 4 0 . 0 4 5 5 0 . 04 8 1 0 . 0 5 0 8  0 . 0 5 6 1 
1 2 / 02 / 8 4 0 . 06 6 4  0 . 0 5 7 7  0 . 0584 0 . 0 5 9 6 
1 2 / 0 3 / 8 4 0 . 0 5 7 9  0 . 0 5 4 2 0 . 0 5 6 1 0 . 06 09 
1 2 / 0 4 / 8 4 0 . 0 5 1 0  0 . 0 5 3 5  0 . 053 1  0 . 054 4 
1 2 / 0 5 / 8 4 0 . 05 5 7 0 . 0 5 3 8  0 . 0 5 4 2  0 . 0 5 6 5  
1 2 / 0 6 / 8 4 0 . 05 6 7 0 . 0529 0 . 0 5 3 8  
1 2 / 07 / 84 o .  0 4 '3 8  0 . 0 3 3 6  0 . 0 4 0 0  0 . 0 5 '3 4  
1 2 / 08 / 84 0 . 0 5 1 5  0 � 04 7 7  0 . 0 5 2 3  0 . 0 5 3 5  
1 2 / 0'3 / 8 4 0 . 04 1 0  0 . 0 5 0 2  0 . 0 5 6 5  0 . 0 5 '3 0  
1 2 / 1 0 / 84 0 . 0485 0 . 0 4 5 2 0 . 0 2; 3 '3  0 . 0 5 0 2  
1 2 / 1 1 / 8 4 0 . 0 5 2 7  0 . 0 5 6 3  
1 2 / 1 2 / 8 4 0 . 0 4 8 5  0 . 05 8 4 0 . 0577 0 . 06 3 4  
1 2 / 1 3 / 8 !+ 0 . 06 2 3 0 . 06 8 2 0 . 0 5 7 3  0 . 0 6 6 1 
1 2 / 1 4 / 8 4  0 . 0 5 4 2  o. 0502 · 0 . 056 5 0 . 0 5 8 1 
1 2 1 1 5 / 8 4 0 . 0 5 5 5  0 . 052 1 0 . 05 1 9  0 . 0 5 88 
1 2 / 1 6 / 84 0 . 04 4 6 0 . 0 4 2 3  0 . 05 0 6 0 . 05 5 4  
Digester 
Number 
1 
2 
3 
4 
TABLE 0 - 4  
* TYPICAL FEED SUBSTRATE MIX'IURES 
%'IVS From Sludge Whey Substrate Tap Water 
Whey Sub . Volume Volume Volume 
0 56 . 1  0 1 8 . 9  
10 50 . 5  8 . 1  1 6 . 4 
25 42 . 1  20 . 3  12 . 6  
50 28 . 0  4 0 . 7  6 . 3  
7 5  
Total 
Volume 
75 
75 
75 
75 
* Actual volumes prepared were greater than shown, to allow for 
testing and/or spillage 
